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A dlBousBlon la given of the yarlatlons vlth altitude of the 
alr-Tolume re^ulremezibs of the oarburetor and the varloua ooollng 
elamenta, aiid the effects of these Tarlatlions on diibt design for 
hlgh-altltude alrplanea are ahown. The ftmdapiezitaX prlnolplea In 
the design of efficient duct Inlet a, expanding passages, and out- 
leta are presented, vlth special ref erenos to the .SToldajioe, of 
flow separation or of oonpresslbilltj tffeots; and data are given 
to ahov the magnitude of the effects ddLseussed and to proylde 
design crlterlons. 



IHTROIHroTION 

It is shown In other papers of this sarlea (references 1 to 4) 
that, vlth Increasing altitude, there Is a general Increase In the 
Tolume of air handled vlthln the airplane and a simultaneous 
decrease In the pressures available for effecting its flow. Sff 1- 
clent ducting is clearly essential If the neceasary quantities of 
air are to flow under the Influence of the available preasurea. 
Faulty design has a direct effect on the attainable altitude, 
because of either excessive loss of rm in the carburetor scoop, 
failure to provide the necesaary cooling, or reduction in the power 
available for ollDb due to thfs. lnareac[e ii^- the- power reaulred to 
maintain flight; 

Xhe' purpose of this ipaper Is to summarlEe the effects of alti- 
tude on air-flow IredUlremSnts, to point! jbut tj^e.reaultiiig effects 
on the deSlgn'-bf diutta for hlgh-cQ-tilruiLe airplanes, and to dlspuas 
thd generail'^InblpleB of 'edff Ici'qnt .duct design. The fip^amsBtal - 
•principles m the dsaiga of duct inlets, expqndl ijg \ passages ^ and . 
■Outlets sire 'presented and. sob^ .^uazrtlfatlve date^ are givitii .tQi isbow 
the magnitude of the effeots 'discussed and to'provlAe design 
crlterlons. 
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■ SSMBOLS 

D aianeter of daot 

g aooAleratlon of grarlty 

h altitude 

Ab altitude dlff erenoe ■ 

H total pressure 

L length of duot 

p stetlo pressure 

Ap static-pressure Inaranent 

^ dTnamlo pressure 

Q Tolunie rate of flow of ooollug air 

r x«dlus of bend (to center line) 

7 airspeed 

p angle of tend 

p mass density of air 

Sobsorlpts: 

0 ' tree etrean 

1 Inlet 

YABIAXIOir OF AIR-FZiOV BBCIUIEUMEafIS WITH ALTITUDB 

A auBOiary of the altitude problem Is oontalned In figure 1, 
vihloh shows the approzlaate yarlatlan with altitude of the volume 
of- air required for the carburetor and for cooling the air- cooled 
engine, the oU cooler, the ethylene-glycol radiator, and the luter- 
cooler. For ocntparleon, the approximate -variation vlth altitude of 
the fllgbt speed for the climb and for the high-speed conditions at 
oonstant engine -output is also shoim la figure 1. 
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The figure 8hovB, for exaople, tliat at 40,000 feet the toIubb 
of air talEen Into the carburetor duot Is four times the Yolume of 
air taken In at grouad level, while the hliffa. epee± at the airplane 
IB onljr 1>S tines the high speed at ground level. The pattern and 
the nature of th^ flow into a given duot will he ^ulte different 
for the tvo coodltlonB (fig. Z)* A oerhuretor duot that Is optlmtaa 
ftxr lov altltlxtes Is obviously fer iraa. satlsfaotoiy at hl^ alti- 
tudes; In faot, at 40,000 feet the losses resulting' ftrai. sepsratlon 
at the inlet and the eztremely high duot velocities vould oorrespond 
to a loss of at least 5000 feet of ran. This remarkably high figure 
.results from the reduced density In tvo vays; 

(1) Pressure losses are roughly proportional to the dymanilo 
pressure. In the oaee of the obrburetor duot, slxioe pY 1b 
const ant for oomstant power, p7^/2 Is Inversely proportlaoal 
to p. 

(2) The altitude difference Ah correaponUng to a given 
pressure loss -Ap la given approximately by the equation 

Ah . 

PS 

that la. Ah la alao inveraely propartlonal to p. The Infceroooler 
duot offers the most extreme example of verlatioa of edr-flov ' 
reqLUlrenent with altitude, for, In typical supercharger operation, 
the inter cooler nay not be needed at all up to 10,000 feet, above 
vhloh ita air-flow requirement varlea almllarly to that ahown for 
the carburetor. The ethylene-glycol radiator and the oil- cooler 
duota will, however, be approximately aatlafaotory for all ed.tl- 
tudea up to 40,000 feet becauae the variation of airplane apeed 
approximately matches the variations of air-flow requirements, so 
that the patterns of the flow into them will not have to change 
with altitude. The problem presented by the air- cooled engine 
appears traa. figure 1 to be almilar to but not quite ao unfavorable 
as that presented by the carburetor; the inlet problem In the case 
of the engine appeara, however, only when a' large aplnner is used. 

It. will be clear fraa. the foregoing discussion that particular 
attention must be given to the duct systems in the early layouts 
of a high-altitude cdrplane. . Since pressure losses are proportional 
to the local dynamic preaaure, it la dealrable to maintain low 
velooitiea In the ducts Insofar aia suoh velocities are conpatlble 
with the varioua other dealgn requiaitea. A general Inoreaae In 
the aise of ducts will result and acme inorecwe . in the airplane 
volume may .be nsoessary In order to aooosiBodate them. 
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SOME TDBDAMBnCAL |BI1K;IPL29 OF UOCUt TLOU 

BoundLarsr-LaTer Separation 

The retarded. laTsra of lov-eaergy air that flow aloag solid 
- 'bouadarlea, auoh as duot valla end fuaelage akin, preaent the 
fundeioental dlff loultlea in maintaining atreamllne flow. Tnaaawoh 
aa theae layera Tasere a awoentin defiolenoy relative to the main flow, 
they tend to oGme to a atop under .the influence of the atatlo-preaaure 
rlae aaaoclated with aagr deoeleratlon of the main flow. Oppoalng 
thla atoppafle la the .tranaf er of aanentuB fraa the main flow "bf meana 
of Tlaooalty or the turbulent interchange of air zaaasea between the 
main- flow end the boundary layer; and thla tranafer .of ponentUDi will 
aenre to maintain the flow if the preaaure rlae la gradual. The main 
oonalderatlon of atreamllne dealgn la then the. avoldanoe of preaaure 
rlaea ao a^eep that the boundary layer will stop and oauae the flow 
to aeparate frcm the surface. 

Flow aeparation at a point may Induoe aeparatlon over an 
extended region bealde and behind thla point or, in other oaaea, 
may ao reduce the energy of the flow as to cause separation at eooe 
point farther downfftream. For these reciaons, it la not alwaya poa- 
slble to eatimate the inoreaae In drag or, in general, the loaa of 
performanoe that may result from improper doalgn at any particular 
poCxt. Freclae dealgn orlterlona can accordingly be given only in 
cartaiin oasea and relatively few ^ulEuxtltative data have been pre- 
aented In the follovlng seotlona. Ecperlenoe haa, however, ahovn 
that the prlnclploa here dlaouaaed generally auff ice for the dealgn 
of aatiafaobory duota and that there Is eeldon need to aaorlf ice 
theae prlnolplea aa a oon^omlae with- other dealgn requirement a. 



Inleta 

Some typical Inlet types are ahown In figure 3. Theae Inleta 
are characterized by different typea of flow and aoocrdlngly have 
different design criterlona. 

The flow into the inlet of the typical carbiiretor diiot or rear 
underalung ocxsllng duct (fig. 3(b)) haa the fuselage boundary layer 
on the Inner wall. Although It is, in general, desirable for Inlet 
velocities to be low, a limit la set by the presence of this bound- 
ary layer, vhloh will cause the flow to separate at the inlet if 
excessive deoeleratlon la attempted (fig. 4) . An Inlet velocity 
of 0.5 to 0.6 of the flight apeed la generally oa low as can be 
pexnltted if auch aeparatlon la to be avoided (reference 5). When 
the oapeot ratio - that la, the ratio of width to hel^t - of the 



BACA. ABB Vo. lAZlli - 



5 



Qpenlng la low, the hlgja. preBsuriB In froirb of ttao inlet may move a 
Ittrge*- ipart bf -thltf-bouoftary^leaFer to 4iba- Bides- (fig*. 5) .aod ttaertsl)^ 
allevlate the danger of separation. ' In sucdi -a casd, tbs paznlsslble 
inlet-velocity ratio nay be less than 0.5; cdnsistdnb quantitative 
data on tliis effect ate, liovever. Hacking. Xhe typical front under- 
slung duot (fig. 3(a)) Is 'also.more favara1>l0 than ths rear unter- 
slung type 1>ecaube tlis' front under alung duot has only a relatively 
thin boundary layer at the Inlet; sonsnhat reduced inlet velocities 
have Iwen used at snoh dtucts' vltboab- separation.- 

■ ■ . ^ .... . 

A further reason for limiting the inlet velocity is that, for 
very low Inleti-velopity ratios, it beccnes Impossible to- avoid hi^ 
velocities ovef the lip, irL-th -the tesultlng danger either of sepsra^ 
tion Just Isack of the minimum pressure x>Sglon' or of fomnatlon of a 
shook vave at high flight speeds. Figure 6 (frcn reference 6)' 
shows, for example, seme pressure dls-trlbutions over the lip of a 
oarbttretor Inlet vlth' different inlet velocities.-' With an' inlet- 
veloclty ratio of 0.6 the critical Mach number for this inlet, as ' 
calculated fron the height of the negative-pressure peak, will bs 
about 0.66'^ vhloh oarrespooAB to a speed of about 460 -miles per •■ 
hour at 4rO,000 feet. Since the flow ov6r the lip' beccnss more' 
favorable vlth higher inlet velocities^ the best) .coaprcsilse- fot a- 
high-speed, high-altitude alrplape may be to use a; higher inlet -. 
velocity. It is . adraotageoua in general to pleu>e .suohi Inlets lAiere 
the field of the airplane has already reduced the local veloeity, 
as at the pose, or under the wing. . Sinoej figure 6 shows more pro^: - 
nounced negative«pressure peaks at the lower inlet- ve^jpolty'.r^ios,... 
the flow over the lip might be expected to.be most critical fat -the 
lower altitudes where, owing -bo the increased air densl-ty, the.. 
Inlet- velocity, ratio Is reduced, .Actually, because of -the r^uoed 
airplane speed and.-the Increased speed of sound, the flow over the 
lip Is less critical,. at the lower altitudes. 

.The qowling and largeTspinnar arrangement (fig. 3(f)) produces 
an inlet essentially similar to . -the Igpe just discussed. . Tests of 
such deslgns''have s^o .indicated -that lnlet--veloclty ..ratios of 
about. 0.5 are most efficient (reference 7). 

The flow into a wing duct (fig. 3(o))'.is not subject -to the 
boundary.-layeor difficulties of -the flqw Into an underslung .diiot; 
however, a oedttaln ina-tabili-ty of -the flow is f oiind to 'ocqur when . 
the inlet velooi-ty is less than 0.30 io 0.;35' Of thd flight speed. 
For tills reason, the inlst-v^ocity ratio cdnnbt' be reduced below 
-this range. Actually, owing to -the fact -that a, large InZb-t would 
oanse high -velocities over the nose and would, ^ general, spoil 
-the aerodynamic oharactaristics of -the wing,, th^ usiial iiilet- 
velool-ty'rstios 'ar« Bcnififwbat above -this range. Considerable dare 
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must be takan In looatlog a wlng^duot Islot. If ths Inlst is pl^ad 
too loW^ tfas Ijitamal flow vUl, at low aoglea^ separata £ran the 
upper lip JUBt vlthin the lolet (fl^. 7(a)). If the. Inlet la plaoed 
too hl^j the Intecrnal. flow vlll aeparata from the lover lip In 
ollmb and the external flow will aeparata over the upper lip 'at hl^ 
anglea of attaok and therelQr Induoe a'preoatuee atall -(fle. 7(h)). 
An exaoqtle of a aatlafaotory wing inlet la ahown in figure 3(o). 
Jar wings of aeotlona isuoh different flrom the one ahown, approzl- 
aately the aane arrangeoent relative to the nieeua caniber line ahould 
he maintained. ■ Zhe rotation of the allpatraaa introduoea a further 
conq^loatioa "bj inoreaalng the local angle of attack- on the aide, 
of the upgolng propeller blade and deoreaalng the local angle of' 
attack on the side of the downgoing blade/ .A wing*^ttot inlet behind 
the upgolng propeller blade ahouUL be betiwean the inleta of fig- 
urea 3(0) and 7(.a).. ■ 

Xhe flow into an KACA ■ G cowling (fig. 3(e)) la aimilarly with- 
out a boundary layer at -the inlet. ' irerertheleaa, owing, to- the flow 
inatabillty .that resulta frcm ezoeaalTe inlet area, and the inter- 
ference of the hub and the blade ahanka and of auoh elementa aa the 
propeller goremar or the dlatributor,' the total preaaure of the 
cooling air at the cylinder bafflea aeldoDi exceeda O.'S^q.' At the 
higher anglea of attaok, aa in climb, the inlet flow- ia particvdarljr 
poor bebaiiae the- air entora mainljr at thebottcm with no -flow c»r. 
even rcTerae flow near the topj the -bota:^ presaurea in front eit -the 
upper oylindera are eapeoialljr' low (generally about • '0.60^)' for 
tbeae oooditlone. ' She HACA G cowling la aleo uxxfavorable tQ .the 
attaixment of Mgh apeeda beoauae the high speed of the flow oyer 
the noae reduoea the eritieal Mach nunher -to about 0; 63 for the low. 
anglea of attack ahd to about 0.55 for the. climb attittde. A 
negative inclination of -the cowling axie would be helpful in -thia 
reapeot for an airplane dealgned to reach -high altitudea. 

■ - ■ I . 

Ii^ -the SACA Jig cowling (fig. 3(f)) the uae of a large, apinner 

to Increase the inlet-Veiocity ratio, to, abouft 0.5 not onlj atabilieea 

-the flow and iopForea -the unlfomity at high anglea of attack but 

alao reduoea the local apeeda over the noae. Owing to the rapid . . 

expanalon between -the email inlet and the oylindera, -the internal 

flow may^ however, be relatively poor; but; for a careful deaign, 

the -total- preaaurea at the cylinders will be over 0.90^, which 

ia appreciably higher than for the BACA C cowling. The long-noae 

engine re^ulrea -the uae of a more gradual expanalon between the- 

inlet and -the oylindera and ia hence much more favorable wi-th reapect 

to the internal flow (reference 6). Propeller cuff a, if designed 

for -thruat, can inoreaee the total preaaure at the cyiindera by 

0.14q and can alao make the preaaure diatrlbutlon more nearly 
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unlfncrm at tbs ln^^aer. aoglea of attack. A fan In tlie-.lnlet ^ 
(fig. 3(s)) Berres to injiroye tlu unlfomlty still tvaetbm, eran ' 
vlth Inlet-yeiooll^ ratios as low 'as 0.25 atti Beems, furthexnore, 
to ±agvd79 tbe diuot eaq^aasloa "baolc of . it, ■ 

The fuselage nose liolet (flgr 5(d)) has fpimd application In •: 
certain special designs , Xhe. wilnlTiium InletTyelocltj ratio con- 
sistent vlth BtaUe. and tmlf asm flow Inbo the Inlet anl vlth low 
yelocltles oTsr the nose will, mainly depend on the else of the 
opening relative to the mnxlTtnim pross sect lob of the fuselage < 
For example, the optlnnn Inlet-veloolty ratio for the dsslga shown 
In flgure'3(d) Is'aboob .0,20 (reference 9)< 

Inlet designs hovis usually sot provided asor adjustment of 
Inlet shape to take care. of v^latlons In relative flow velooltles 
aooainpan3rlng varlatlonB li; flight conditions. Where scoia effort 
Is made In the design to provide duots that will he efficient at 
all altitudes and. for all .flight pondltlona, It may heocsie desir- 
able .to provide for varlahle Inlets or for duots having Inlets 
that are opened onljr above certain altitudes. Farhaps the 
simplest bcnqroHlse for a llg;Uld- cooled engine Is to use a cooDon 
air Intake and expanding duct placed either under or at the fjront 
of the fuselage or nacelle. !rhe relatively small variation vlth 
altitude In the reg,ulreaiienbs of the ethylene-glycol radiator, and 
of the oU cooler vould tend to minimise the effect of the large 
variation of the carburetor and the Intercooler requirements. 
7or an air-cooled engine, comhlnlng the oil-cooler Inlet duct 
vlth the . Intercoder and the carburetor inlet ducts should 
Blmllarly help to alleviate the prohlem; vhereas an BACA D 
cowling vlth Inlet opening designed for 40,000 feet altitude 
vould he acceptable at lov altitudes in spite of the lev inlet- 
velocity ratio, especially as there vlU prohahly he a hlover 
In the Inlet. For ht^-speed airplanes, it vlll prohahly he naoes- 
sary for the inlet-velocity ratios at high altitudes to he greater 
than the values here Indicated as optlmuLj in order to avoid hazn- 
fnl ocnpresBlblllty effects in the flow over, the nose. 

'. ■ ■ • ■ ■ ■ 

Stpandlng Duots 

Tnaflmuoh as this velocity at the inlet is- generally too hl^ ., 
to use at the cooling linlt, an expanding passage must he Inter- 
posed. Here agaln^^the sensitivity of ■ the houndary layer restricts 
the petmlssiljle rate of expansion. .- In the case of an underslung 
duct, since undepleted aix enters^ the lover vail, the flow along 
this wall could withstand a considerahla expansion in, a relatively 
short distance vithout separating. !Ehe flow on the upper wall. 
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howarer, Inolttdefl- the thlofc fuselage "bnva&ary lejer end' "will separata 
imleBB the expansion tB-r6rj gradual. Fcv exanq^tle, some paloulatlooa 
for a rear uoderslung' radiator duot en a typloal pursuit alrplazie 
Ixidloated that, vltb an expansion ratio of 2.3:1, a duot length of 
8 or 10 feet vould be necessary to preTsnb separation on the upper 
surface; vhereas 2 or -3 feet vould he adequate to preyeob separation 
on the lower aurfaoe'. . Xhe vlsg duot can, •undar Ideal conditions', 
have smooth. flow on hobh upper sad lover walls and oan henoe periDlt 
a rapid expansion. . Bapld expansion Is also penal sslble In a rear 
underelung- duot*- If the fuselage* houndarsr layer Is peeled off Into 
a separate -.duot and passed around the ooollng unit (flg^ 8). A - 
scnavhat similar result Is obtained vlth a duot that has a protmndlng 
Inlet (fig. 9) J the external drag of such an Inlet has, hoveTer, been 
found to -ber'high. Sa nbarly Ideal .expansions of- the types Just dis- 
cussed, the expansion losses, aire rmj enall - of the order of 8 or 
3 peiroeiib..x>f the -dynamic pressure :at the Idlet. ■ - ■ 

■ : ; 1.; i:. ; . ."■ ■ -I '' I ■■ : • ■ ■ 
It is essential, for good "fldv, to keep obstructions such 6s 
pipes cKi.struotural jnambers out 'of ducts, or at least away from their 
narrovest parts,- .brecause • looal separations eatiSed by suoh obstrlte- 
tlOQB may Induce .separation oFecr an extended -area ahd spoil the 
eobire flov of the duot. ■ 
■ f ^ . - •. 

■ !Che.loBBgs of . total pressure that result fj*om separation In' an 
expanding duot depend oo a- 'number of factors, for exdnple; the 
amount -.of .expansion, that has ooourred before the separation -point 
and the slee of the dead-air space that Is fomed. The order of 
magnitude of ther losses Is Indicated In figure 10 {frm. reteirBooB 10), 
vhloh shows, results for. expansions In channel's having thick boundary 
layers on the vails. ■ For th» flow in a typloal rear unierslung duct 
vlth .a thick boundary layer- on one vail, ' experlenois has Indicated 
that -.the curve for the rectangular duot generally underestimates 
the losses and that mlnlmua losses' ooour vlth expansion angles 
■soBievhat less than 10°. 

It has become ouBtcnary In the design of dUots where the flow 
aloog at least one vail is questionable to restrict the expansion 
angle to betveen 6° and 10°. Although these angles may still be 
too large to prevenb separation Ixi seme cases, such design vlll 
usually restrict the resulting pressure losses to a mlnlmuni. Vlhere 
rapid expansion cannot be aroided, ' the bell-shaped expandiog duct 
(fig. .11) is edyanbegeous because the first and moat itnportant part 
of the expansion. Is. efficiently perfonned at a small angle; and- the 
presexice of the x^slstance - that is, the cooling elemeufc - at this 
fixiA of . the passage pemlte a somevhat increased expansion- rate in 
the. fdjoal. stege (reference. U) . 
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Jn aVbeac oosaa, suMlTlAlng the paaeege 1^ vanes Into tvo or 
mofre paBsages'of BBiBU.e9^ expansion anslo - has- Veen founA. adTaabageotts. 
With regard to suoh use of ▼anesj It must be emphasised that the 
BttbdlTislon of a passage Izrto sereiral sections' does not insure that, 
the flov vill he dlstrlhuted In the desired profportions anoog tham, 
espeolally vhen a thlok boundary layer flows into one of the pas- 
sages. !Che analjrslB of the flow in suoh oases sijqily follcvs by 
BemcmLLi's aausbioa and b7 the regulrensnt that, at the rear of 
the TBnes, the adjcwent lasers of air haTe the sane static pres- 
sure (reference 5). Xbe ooorreot design is indicated in figure 12; 
a repr Tane, essenAlalljr a oontlnuatlon of the troxA one, restrlots 
the exit of the lower paasege, whicdi Inareasea the TelOQlty at 
that point and oarrespopdlngly deoreaaes the static presBure so 
that, when e^ual air guaatities flow In the two passages, the 
statio pressures at the exits of the passages are e^ual. 



Outlets 

An efficient outlet passage is a snoothly conrerging duot 
that opens downstream. (See fig. 12.) The losses^ in such a 
passage are negligible beoause tlie negative pressure gradient 
serves to prevent separation. In spite of the essential 
simplicity of such flow, however, flagrant disregard of the 
prlnoiples of good design may result in suoh large outlet losses 
as not only to inorecMe considerably the airplane drag but even 
to prevent the exit of the required quantity of cooling air. 
BKanplee of suoh designs are those that include the exhaust col- 
lector ring Just within the opening (fig. 13(a)), those that 
requlsre a sudden change in direction at the outlet (figs. 13(b) 
and (o)), and those that pemnit the air to find its way out of 
wfaeel wells or other ' incidental openings. 

The neoessary area of the exit opening is determined as the 
ratio of the volume of coolliig air per second to the exit velQO- 
ity. Xhe volumes required for the various purposes have been 
dlsouBsed elseidiere; these 'volumes must, however, be oorreoted' 
for the reduction in density that occurs in passing through the 
oooling unit. The exit velocity is detezmlnsd by the exit 
dynamic pressure, that is, by the difference between the totaL 
pressure of the air behind the ooollz^ unit and the statio pros-- 
sure at the opening. 

The total pressure at the outlet is estimated as the dif- 
ference between the total pressure at the inlet and the internal 
losses. Of the internal losees, the dlffusar losses and the 
losses in tho ooollx^ unit have already been disoussed. In 
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OBtlnatlsg tlie total presBure at tbe Inlet, the Imoreaae^. djrnamlo 
pressure In the sllpstreiaia nust .be token Into acioountj togeiHer with 
the ftot that the part of the escfcerlhg air vhldh oonstltiztes the 
fuselage boundary layer has a mean ■total-pressio'e' def loisncy of 
about 0.12 of the external dynamlo pressure.'. The losses In ti}B 
coDTerglng exit passage are negligible under Ideal conditions; for 
the typical air-cooled engine Installation, however, the aooumjla- 
tlon of pipes and vires behind the engine offers appreciable . 
reslstanoe to the flow end "will account for an additional pressure 
loss of perhaps 5 percent of the pressure loss through the engine 
Itself (reference 12). ' 

The static pressure, for an exit like that of figure 12, Is 
simply the static, pressure of the external flow In Its vicinity. 
For most .positions along the fuselage, the static pressure will be 
very nearly equal to the free-stream static pressure. At the 
skirt of a cowling the static pressure will be less than this value 
by about O.I^q; at the upper surface of a wing. It will be less 
by O.lqo to 1.0g,o> depending on the ohordvlae location and the 
angle of attack; at the lower surface of a wing. It may be hlgh^ 
by O.l^o to O.Sqg, also depending on the chordwlse location and 
the angle of attack. A cowl flap exteoded at an angle of 15^ to 30^ 
to the surfaioe provides within the flap opening a static pressure 
less than the static pressure of the external flow by about 0.4 to 
0.6 of the local external dynamic pressure (references 12 and 13), 
depending on the flap chord. The use of flaps In climb thus pro- 
vides an Important. Increase In the pressure drop available for 
cooling, an effect which Is further amplified If the flap Is located 
In the slipstream. Figure 14 shows a tentative curve, based on data 
frcBi. oowllng tests, for the variation of the Induced negative pres- 
sure with flap angle. In the case of a flap at the. rear of an 
under slung duct, the effect is probably somewhat less than that 
shown in the figure, owing to the '""«*T» aspect ratio of the flap. 
Flap angles greater than 30° do not generally serve to increase 
the flow, possibly because of the poor duct-outlet shapia corre- 
spondli]g to such flap angles. ■ In general, for efficient design 
the flap opening must be- the minimum area of the outlet passage - 
(fig. 15)." ' . 

A wing duct having its outlet on the upper wing surface, about 
0.5 to 0.6 chord back of the leading edge, tends to adjust auto- 
matically the flow quantity with speed because of the relative 
inorease with lift coefficient of the negative pressure at the 
outlet. The adjustment is, however, slight; in cases where sat- 
isfactory adjustment has been found, the explanation Is that -the 
Inlet veA so designed that there were largo Inlet losses at low 
angles of attack and satisfactory, inlet flow at high ajsgles of 
attack. 
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Szoapt for an outlet Hks'that of figure 12, the effective out- 
let area, is not In geoeirea olearly defined.. For exooiple., results 
with outlets Ilka -that of tlgaee 16 indicate that ther'lnertla of 
tha extexinal flcv- has an appreciable effect in reducing the e:^!'^ 
flow; that Is, if the exit d^naznlo pressure Is takien as, the dlf - . 
fetfenoe hetveen th» Internal totsi pressure and- the ea^erdal static 
-^^jressurej it is nscessarT' to use an orlfioe coeffloleni of 0.5 
•t)>. 0.9,. depending on the ratio of the exit velocity to'-iihe YeloC" 
' U/ of' the exbamal flow. The higher values apply to-'-the more 
• uBtial' ease in vhloh the tvo velocities are nearly equal. I 

* " • - • 

A flap vlll generally be provided at the exit in order to 
pexmlt adjustment of the flow for the different operating condi- 
tions. The lowest curve of .flguire 17 shows, for example, the 
calculated variation with altitude of the exit area needed for 
the ethylene-glycol radiator duct of the typical pursuit airplane 
of reference 3 at high speed. She exit static pressure has been 
asstaned equal to the free- stream static pressure because the 
necessary adjustment can probably be attained with small flap 
angles. If, however, the exit pressure for the climb condition 
were also free-stream static pressure, the carrespondlng outlet 
area would beccos excessive (uppermost curve of fig. 17). The 
negative pressure induced by extending the outlet flap aocordingly 
beccmes an essential factor in Increasing the exit velocity and 
thereby keeping the necessary outlet area within practical limits. 
The middle curve of figure 17 shows the outlet area required in 
climb when the flap angle Is auoh ae to Induce a pressure reduc- 
tion of about 0.45 of the dynamic pressuro in the slipstream. 

Tor any desl^ in which drag reduction Is an impcxrtant 
consid e ration, It will be well to keep the internal losses so low 
that a flap angle no greater than IZ^ to 15^> Is needed to provide 
the necessary exit area and pressure.. The drag increases rapidly 
with larger flap angles; In a typical case, with cowl flaps 
extended 30®, the total cooling-drag Increment corresponded to 
five times tha latamal punip work -(^ Ap. In such cases the use . 
of a blower, even though nob actu£dly essential to supply the 
nsoessary pressure for cooling, nay be Justified. 

With short- span exit flaps, a large pert of the drag is asso- 
ciated with the flow around the two flap tips. Oloslng the flap 
ends (fig. 18) effects considerably reduction of the drag without 
ahftTjglTig the punpiog effectiveness- of .'the flap. ■ 
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■ Bends 

■The flow Ijoi a tend. I0 ohcoraoterlBed "bj hl^ veloolty at the 
Ixmar oomer anA lov veloolty at tlie outer oomer (f Ig.^ 19) . Ibeire 
le, 'aooardlngl7f a region of rising static preesure on the Innar 
irall downatreani of tbe bend and on the outer vail upstream of the 
tend. Hbs flow on the Isner vail Is the more orltloal and separa- 
tion traa. the inner vail generalljr ocours Just hey end sharp hends. 
Inoreaslns the radius of curvature cr Increasing the aspect ratio 
of the hand serves to reduce bend losses. An apporaxlmate fomnila 
from reference 14 for the pressure loss at a bend (excluding the 
skln-fiplctlon loss) is 

. abo 

4 

idiere 

-Ap loss of total pressure In bend 
4 wean dyaaalo pressure In channel 

a,b,o factors given by figure 80 as functions of angle of bend, 
radius of curvature, and aspect ratio, respectively 

Such fomiulaB, however, can hardly be general Inasmuch as the flow 
Is Influenced by the Boynolds nunibor and the nature of the boundary 
layer on the walls. Other studies, (reference 15) Indicate scDswhat 
higher losses. 

If It is not practical to use either a large radius of curva- 
ture or a hl£^ aspect ratio at the bend, the loss at the bond zuy 
nevertheless be reduced to about 0.25q by a cascade of turning 
vanes (fig. 21). Circular arcs of about 80° curvature with a 
spEMlng of about 0.4 of their chord and. placed at an angle of 
450 to 48° to the i^stream. flow have been found aatlsfactory. Sena 
rounding of the leading edge is advisable to make the adjustnent 
less critical. 

The loss at sharp-cornered elbows in circular channels is 
diown in figure 22. 

Xhe losses at bends Arequently constitute the sialn part of the 
losses In short ducts of nearly unlfom cross section. For longer 
ducts, the skin friction at the walls also became s an Important 
factor. The estimation of this loss will seldom be accurate because 
it depends on the type of construction. An approximate foxmula for 
the pressure drop along a uniform duct having the usual manufacturing 
Irregularities is 
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. ' 1 ■ ■ ■ . ■ ■ 

GCBKnJJSJOBB ' " '. 

' I. Tbe Indreaa&'.ln air req,ulreu9ab ultli Ixunrease la qltltvde 
la greatest for the litterpooXer and least for .the. oil cooler, tlie - 
order bolag; Intaroooler, carburetor, alr-oooled eagliiej etbyleae- 
glyool radiator f oU cooler* 

■ ' ' ' • . . 

8. ' Cdutlstent adheresoe to tbe prinolples of BtreamlliiB flow 
In duct deal€?A la essential for efficient operation of a hlgh- 
altltude airplane. 

■ I • 

3. Fgt fuselage' ducts or, in general, vhora a developed 
boun&arjr layer enters on one side of a duot inlet, the ratio of 
Inlet velocity to flight velocity should, be at least 0.5 to 0.6 
for good inlet flow. For a ving duct tbe ratio may be m lov 
as 0.55. 

4. Inoreasod inlet- velocity ratios may be required at high 
speeds and high altltudos in order to avoid critical speeds over 
the nose of the inlet. ' 

5. The HAGA D oovling gives higher pressures at tbe ei^ine 
and also has a higher critical Maoh number than the NACA G cowling. 

6. The difficulties associated with the vide variation of the 
air raqulrameots vlth altitude for the inbercooler and the carburetor 
may be alleviated by using a ccDDon air intake and expanding duct 
for the carburetor, Inbercooler, athylone-glycol radiator, and oil 
cooler. 

7. Tor a'vlng duot un&er Ideal conditions, rspld expansion 

betveen the inlet and the cooling element is penalsslbla. Tor an 

under slung duot the expansion must be gradual. 
• •■ 

6. Dividing vanes are useful in pezmlttlng a rapid expansion 
in a abort space, but only under certain coniltions. . 

9. Ho total-pressure losses ocoior In a reasonably veil- 
deslghad outlet, 

10. The effective outlet area is. generally less than the 
geonetric outlet area, especially for a flush outlet. 
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11. Flap dsfleotlODB of 15° tuaiL. 3/0P reduoe the outlet static 
pressure "by abovA Q.5 and 6^- the Idxtemal dyrtaalo pressure, 
respeotlToly. The larger flap defleotlonB, hoveveir, oanse large 
InoremesbB of drag. 

12. 3316 loss of total pressure at a sharp head In a duot nay 
exceed, tha damamlQ preasura. of the fXoif In jbihe duct^. 

13. Bond losses ylll be pmall if the section, aspect riatlo ik 
at least Z and the radius of bvrrature .Is at. least twice, tha depth 
of the channal or if curved guide vano's are used In the hand. 

.*■■■>> . 
■"!.■■.. " ". ■ ■ ■ ■' ■■. . ■ 

Langley Meinorlal A£a:>oz]i9)utloal Iiaharatai7 
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0 K> 20 30 40 SO x/O^ 

Altitude J ft 

Figure / — l/^r/ation of air n^i^uirerryents compare^/ it/ith 
i^riafiort of flight speed. 



(•) Low altltud*. (t>) High altltud*. 



Ftgura 2.- OoaptLrlaon of Inlat-flow pattsrn* for low and high 
Inlat^alooltj ratloa oorraipoaiiing to a 
cartHntor duet at low and hlgb altltudaa. 




Flgura 5.- Straaallnaa naar tlia aurfao* ahowlog tha outward 
dlaplaoaaant of tha bouodary layar bafora an 
lalat of low aapaot ratio. 



(a) Front underalung 
duet Inlet. 



(b) Rear under alung 
duot Inlat. 




Figure 3. - Inlet tjrpaa. 
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■^vrt.6.-Effect of jh/e/- ye/oc//y raho on pressures oi^er the 
nose of o ctarburetor- ducf in/ef- From reference tfT 
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Figs. 8,9,10 




Flgara 6. - Znlat of a r«ar uadarsluac Auot haTlng a 
■•parat* paaaag* for tha bowdary layer. 
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ngura 9. - Protrudlnc Inlat of an undaralung duat. 
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Expansion efnff/e, &, c/eg 
Figure /0.~ Loss of Ma/ pressure in an exponding e/€/cf m^ifh a fhicM. boundary 
/ayer on f/ie u^a/t at /he in/ef- From reference /O. 
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Figs. 18,19, 




riiwa It,- M« flf vlth oleacd mA; 
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rigmr* 19.- BlMTM ifaoKlng «bere aaparatlon uy ooeur 
IM a iMBd. 
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F/gure'20. — Curtis for pressure Joss /'/? f/oty around ei b»ndf exc/uofin^ 
frictio/} /oas. 
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Figure 21 — Bend wifh yanms. 




rigur* 11. 




rieure 12. - A duct with a rear vane to equalize the 1 
when a boundary layer enters the upper 
seoUoa. 
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Figure 13.- ExanpleB of poor exits. 
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flap anqle,de2 
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rigure li^. 



Effect of flop deflaotlon on atatlo preiiura In the 
exit. 
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Plgupe 15.- flap opening greater than ■Inlism eeotlon of 
Outlet paieage. 




StreaBllne for bl^-Telooltr 
exit flow 



for lov-relooltr 

exit flow 
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Figure 16.' 



Bia oODtraotlon of the flow after learlng 
a flndi exit. 
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Climb, p^ „^ :r-Q.45 <^^^^fr*am 
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Altitude, ft 

Ft-g'Jrs 17.- Variation of exit area with altitude for hlgh-epeed 
and climb. £thylene-el7aol radiator duct. 1 



2 
?> 
O 
> 

> 

O 



0) 



01 
I-" 



GLEY RESEARCH CENTER 




